Switched reluctance motors (SRM) are attracting much attention because of their special advantages. Generated heat, due to losses, can reduce the life time of SRMs. Therefore, taking into account thermal modeling helps to improve their performance and increase their life time. In this paper, a lumped thermal model of SRM based on the analogue circuit of conductive and convective thermal resistances is proposed. First the heat transfer equations were applied for modeling of each motor part as a thermal equivalent circuit. Then, the thermal modeling of whole SRM was done via assembling all these sub-circuits. For validity of the obtained model on a wide range of geometrical and structural properties of motor, apt heat transfer relations have been used. This comprehensive model is used to investigate the influence of dimensions on heat transfer in SRM. Finally, an optimal design of the stator yoke dimensions has been reached concerning the mechanical aspects without degrading electromagnetic characteristics of SRM.
Introduction
Switched reluctance motors (SRM) have found many applications due to their advantages such as simple and rugged construction, hazard-free operation, lower cost compared with other motors and ability to operate over a wide speed range at constant efficiency [1, 2] . The rotor of SRM has no permanent magnet or windings which reduces the rotating weight and consequently, a precise commutation leads to a higher speed [3] . Variable reluctance of the air gap between the rotor and stator poles develops torque in SRM and its operation over magnetic saturation region, increases the output power of the motor [3, 4] .
Losses in electrical machine generate heat and the temperatures of different parts rise which actually decreases the life time of the motor and this may even lead to the motor failure [5] . The high temperature rise can damage the windings' insulation and may cause prohibited thermal stress, acoustic noise, and efficiency reduction and even disturb the permissible tolerance range. Thus, reduction of thermal resistance of the motor can decrease the temperature rise because the heat can dissipate quicker [6] . Therefore, thermal modeling of the motor plays an important role in the optimal design of the motor. In addition, any cooling scheme such as application of a fan as a blower can cool some parts of the motor and prolong its life time. However, the required space for maintenance of a fan cannot be provided in small motors. Another disadvantage is that, the cost of motor including ventilation system can even reach up to 60% higher than the cost of the corresponding motor with no ventilation system [7] .
Paying attention to the aforementioned problems, some works have concentrated on modeling and optimal design of electrical motors. Both, numerical approaches, such as finite element method, and analytical methods have been used so far. In [6, 8] , core and copper losses of SR motors are estimated. Heat distribution and thermal field are studied in [5] . Recently, thermal analysis and optimal design of SRM have been done using finite element method [4, 12] . In [9, 10] an analytical model based on thermal resistance circuit is obtained for electrical machines and it has been extended for analysis of thermal transient behavior of SRM [11] . However, the applied heat transfer relations were not advanced enough to be valid on a wide range of geometrical and structural properties.
In this paper, a lumped thermal model of SRM based on an analogue circuit of thermal resistances and heat sources is presented. The structure of the machine is subdivided into simple geometrical parts and equivalent circuits of these parts are connected together to establish the whole thermal model of the machine. Temperatures of all parts are then obtained through the solution of the equivalent circuit. Using a more precise thermal model, the influence of dimensions on the temperature rise is known and consequently, an optimal design can be reached.
Optimal design of SR motor has been of great concern during these years [2, 4] . Towards this end, many aspects should be considered such as electromagnetical aspect, mechanical aspect, thermal aspect and etc. Many works have been done for electromagnetical optimization of SRM [2, 4] while other aspects were rather neglected. In this work, using the proposed thermal model some parts of SRM are optimized using an evolutionary algorithm.
Estimation of losses
Losses of SRM consist of the following three parts:
1. Copper losses: Current passing through the stator windings generates the heat and the temperature of the motor rises. If the current waveform of each phase is taken to be a rectangular wave, then the copper loss can be obtained as follows [11] :
In the case of equal currents in m phases, it can be written as (ignoring the influences of overlap and nonrectangular waveform):
2. Core losses: The complicated magnetic circuit of SRM, makes it difficult to calculate the core losses analytically [6, 8, 11] . These losses depend on the shape of the current waveforms in different parts of the magnetic circuit, angle and period of switching and the operation of the drive. An empirical equation for core losses in SR machines is expressed as follows [11] :
In the case of "6/4 − 4 kW" SR Motor, values of a, b, c are approximated as:
where 84% of these losses are in the stator yoke, 8% in the stator teeth, 3.3% in the rotor teeth and 4.7% in the rotor core. 3. Friction losses: They are the results of relative motion in bearings as well as the viscous flow over the rotor because of its rotation. These losses can be modeled as follows [11] : 
These losses are shared among different parts of motors as sources of heat flow.
Thermal resistances of different parts of SR motors
The SR motor can be subdivided into 10 parts ( Fig. 1 Now the thermal resistances of each part can be calculated.
Thermal model of hollow cylinders
Conductive heat transfer in a hollow cylinder containing heat source with various boundary conditions is obtained from the Fourier law [13, 14] :
where • q is the heat source which is substituted by the losses. This equation can be solved taking into account the boundary condition shown in Fig. 2 and the steady-state thermal resistances in the equivalent circuit of the cylinder are given as follows (Fig. 2) . where k a and k r are conduction coefficients in axial and radial directions, respectively. It is assumed that k a = k r . Frame, stator yoke and rotor core of SRM can be considered as hollow cylinders [9, 10] . Also stator teeth and rotor teeth are considered as partial hollow cylinders where in their thermal resistance equations, the length of the total arc is used instead of 2π. This assumption is valid whereas the temperature gradient in the circumferential direction is considered negligible compared to the temperature gradient in the radial or axial direction. Previous studies verify this assumption [11] . Axial shaft is modeled as a long beam and its heat transfer is taken to be one-dimensional. Finally, it is assumed that the slot is completely filled. Windings numbers (4, 6) are modeled as partial hollow cylinder and an annular plate, respectively. Rotor and stator are laminated, therefore all related thermal resistances against axial heat flux must be divided into an improved coefficient such as S = 0.906 [11] . Eqs. (6)- (9) are used for calculation of conductive thermal resistances (R2-R15, R26-R37) in Fig. 3 . The SRM is studied in two cases; in the first case the lateral surfaces are covered, so air cannot pass through the motor. In this case, the lids might be modeled as annular plates. In the second case, lateral surfaces are not closed and air can face the rotor and windings. In this case, the bearings are imagined to be connected to the outer body by some rectangular fins which allow the air to pass through. They might be modeled as finite length cubic fins in which [13] :
P is the periphery and A c is the area of the fin cross-section respectively. Also, the boundary conditions are conductive heat transfer from the body and the axial shaft at two ends.
Convective thermal resistances
In convective heat transfer, the thermal resistances can be determined as follows:
The convection coefficient (h) is usually made dimensionless as [14] :
in the forced convection and is made dimensionless as:
in the natural convection (L is the characteristic length). In the above equations Nu is the Nusselt number, Re is the Reynolds number, Ra is the Rayleigh number and Pr is the Prandtl number [14] . In the SRM with closed lateral surfaces, the body of the motor is modeled as a horizontal cylinder in the air flow. Assuming natural convection around a cylindrical surface, the Nusselt number can be written as follows [14] :
and for vertical plates, it can be written as follows:
Assuming forced convection for the cylindrical surface around the frame, it is expressed as follows:
and for vertical plates, it is expressed as follows [13] :
In both natural and forced convection cases, the total convective thermal resistance for the body (R1) is written as follows:
However, in the SRM with open lateral surfaces, the body of the motor is modeled as a horizontal cylinder in the air flow; because of lack of lateral lids, the thermal resistances between them, ambient and inside air will not be considered (R22). Therefore, in the calculation of thermal resistances: R23, R24, R25, R26 and R37, the temperature of air inside the motor (part no. 7) is considered equal to the ambient temperature. The convection heat transfer in air gap due to the rotation has been modeled as turbulent fluid flow between rotating cylinders. In this case, the axial heat transfer in air gap is ignored compared with the radial heat transfer. Convective heat transfer around the rotating cylinder including the heat source is studied numerically and experimentally [16] [17] [18] . In [11] , based on turbulent flow, the air gap fluid is considered to have the velocity equal to the speed of rotor tip. Therefore, the Nusselt number for the convection between the air gap and stator will be as follows [13] : As the velocities of the rotor and air gap fluid are almost the same, the heat transfer between them is modeled by conduction. Thus, the thermal resistance between the air gap and rotor teeth (R18) can be expressed as follows:
Thermal resistance for conduction between the rotor core or the lateral surfaces of the rotor teeth and the air gap (R19) can be expressed similarly by taking into account the thickness of the air gap. In calculation of the heat transfer between the stator teeth or winding and air gap (R16, R17), considering existence of the turbulent flow, the mean value of the velocity of fluid flow can be taken equal to the speed of the rotor tip. Then, the convection can be explained as the convection of an external flow over a flat plate. The thickness of the air gap is much smaller than the radius of the stator teeth, so the assumption of flat plate is acceptable for the surface of the stator teeth. Therefore, Eqs. (11) and (19) can present the value of Nusselt number and consequently thermal resistances: R16 and R17. In order to model the convective heat transfer between the end-cupping air (air inside the motor) and the rotor and stator, both natural and forced convection are applied. For the stator yoke, windings and body, the model of natural convection around vertical plates (Eq. (15)) is applied. Also for rotor, the model of forced convection around vertical plates (Eq. (17)) is used. In the latter, due to the rotating motion of the rotor against the air, the Reynolds number, convection coefficient and thermal equivalent resistances (R22-R26) are defined as follows:
wherer is the average radius of each part.
Thermal circuit of the SR motor
According to the specifications of the SRM summarized in Table 1 , properties of materials and fluids are obtained over the estimated steady-state temperature. The calculated thermal resistances of different parts can be added up and complete thermal resistance circuit of SR motor is obtained as shown in Fig. 3 . The thermal resistances for the proposed SRM have been summarized in Table 2 . Table 2 shows that the convective thermal resistances are larger than the conductive thermal resistances except for two resistances (R12, R14) which are related to isolations around windings. By solving a set of equations having 16 unknown values corresponding to the thermal equivalent circuit, temperatures of various parts are obtained (Table 3) .
It is worthy to note that validation of the mentioned thermal modeling approach has been experimentally approved in other researches [10, 11] . The current work is based on the same assumptions but makes use of more advanced and widely precise heat transfer relations (14-21) quoted from [13] [14] [15] [16] [17] [18] . As a result, unlike thermal modeling in [10, 11] which are done for a special case study, the current comprehensive model is precisely valid over a large range of geometrical and structural properties of the motor. This feature makes it possible to study the influence of the various parameters on SR motor's heat transfer and can finally lead to optimal design of SRM. 1. The high variation of temperature rise versus rotor speed occurs in speed range at most up to 1000 rpm (Fig. 4) .
The reason is the special form of Nusselt number for convective heat transfer between air gap and end-cupping air and their surrounding surfaces. Nusselt number in this case appears as a power product including Reynolds number. 2. Variation of temperature rise versus rotor speed in natural and forced convection, especially in the natural convection, around the frame with lids is higher than that of the natural and forced convection around the frame without lids (Fig. 5 ). 3. Some dimensions such as radius of frame, stator outer radius, also rotor and stator stack length do not play an essential role in temperature rises. Others do not play a dominant role in temperature rises but especially in the case of motor without lids, increase of radius or length of parts causes a reduction in convective thermal resistances with the ambient and consequently reduces the parts temperature. An exception is where there is a decrease of stator yoke inner radius or increase of stator teeth radius. This reduces the contact surface between the windings, as the most effective heat source, and avoids heat transfer from windings. Therefore slots are recommended to be wide and isolations are recommended to be thin (Figs. 6-10 ). 4. Numbers and height of fins are dominantly influential in temperature rise and should be of great concern in the design stage (Figs. 11 and 12) . Figs. 13-15 , core loss decreases with the rotor speed while the friction loss increases. The result is that the total loss has a minimum around the speed of 1100 rpm for various parts of the aforementioned geometries. 6. The analysis shows that the magnitude of convective resistances and their influence on the temperature rise of SR motor's various parts is much more than those of conductive resistances. The most significant resistance is the convective resistance between the frame and ambient (R1) including the effect of fins. Indeed, the magnitude of convective resistances related to the air gap and end-cupping air e.g. (R16-R19, R22-R26, R37) may be larger than (R1) however, the lower magnitude of R1 (Table 2 ) causes the larger amount of total heat transfer. Consequently, in a motor with small internal thermal resistances, a large external resistance (R1) may avoid a large amount of heat transfer. It can obviously express the importance of fins. Since the conductive resistances are much lower than the convective resistances, conductive resistances can be ignored when compared to the convective resistances. This is equivalent to lumped mass assumption in conductive heat transfer [13, 14] . This simplified assumption is also applied to SR motor in [12] . In the other words considering the variation in temperature of the metal parts of the motor does not play an important role in the thermal analysis of the motor. 7. Such a complicated heat transfer problem strongly demands experimental verification. However, validation of the thermal equivalent circuit has been verified many times in previous works by experimental results [10, 11] . In this work, the thermal resistances are calculated more accurately using advanced convection formula which can be utilized more reliably in a parametric optimal design process. 8. All data are based on the geometries of the laboratory prototype. The other geometries and characteristics of the motor and its drive have already been optimized.
As shown in

Toward optimal design of SRM's stator
Optimal design of SR motor's different parts is possible via various criteria. Usually this is done based on the electromagnetical considerations [2, 4, 21] . Therefore, the lack of mechanical optimal design of SR motors is felt seriously. Parametric thermal modeling of SR motor makes it possible to analyze the heat transfer from the motor over a wide range of performance parameters and therefore is essential for motor's optimal design. In [19] mechanical design optimization is done for SRM where stator geometries were optimized in such a way that it has a minimum volume and maximum natural frequencies. It was assumed that generally a lower volume of the motor causes reduction in its price. On the other hand, maximizing the natural frequencies causes the least vibration amplitude against exciting of the radial electromagnetic forces [20] . In [19] natural frequencies of stator were found by means of Finite Element Method. Then, natural frequencies of stator versus its geometries were modeled using a neurofuzzy network trained by LoLiMoT algorithm. Then, the frequencies of exciting forces were obtained [20] . Increase of natural frequencies of stator structure and being far away from exciting frequencies lead to avoid resonance phenomena. Therefore, natural frequencies of stator should be maximized and stator volume should be minimized in optimization of objective function.
In spite of reaching admirable results in [19] , optimization objective function was not enriched enough from the mechanical point of view. Fully parametric thermal model of SR motor obtained in the current work can enrich the optimization objective function sufficiently. For this purpose, decrease of maximum temperature rise in windings (i.e. increase of total heat transfer from motor) versus stator geometries will be considered in the definition of the optimization objective function. Finally the objective function is expressed as follows:
where f is the second mode natural frequency, V is the motor volume and T max is the maximum temperature rise in windings. α, β, γ are coefficients which must be determined by the designer. Considering the complexity of the objective function, application of analytical or numerical methods for optimization seems to be impossible. Here, an evolutionary algorithm is applied for this purpose. Fig. 16 depicts the convergence to the optimal solution in the where r is the mean radius of the stator yoke, L is the stator length and t is the thickness of the stator yoke. It should be noted that this work concerns just vibratory and thermal aspects of motor design. In order to avoid degrading electromagnetic characteristics of SR motor, those geometric dimensions which are influential in electromagnetic performance of the motor (e.g. air-gap and rotor and stator teeth width) are assumed to be constant during the optimization process. For this reason mean radius, thickness and length of stator yoke are chosen as optimization variables which do not have a proven effect on electromagnetic performance of SR motor.
Conclusions
In this paper, a thermal model analysis of switched reluctance motors based on the thermal equivalent circuit of the motor was proposed which can be used in the optimal design procedure of the motor. First, the equivalent thermal circuits of each part of the motor have been obtained concerning both convective and conductive heat transfers. Then, the assembled circuit of the whole motor was solved. Parametric thermal modeling made it possible to observe the effect of motor dimensions on its heat transfer. It was shown that the conductive resistances can be ignored compared to the convective resistances. Therefore, the metal parts of the motor can be assumed as thermal lumped masses. Also, it was shown that the influence of the external convective resistance is dominant. Finally, using the proposed thermal model and another previously proposed model for stator vibrations, an optimal design of stator structure was reached using an evolutionary algorithm.
